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SPARK~IGNITION ENGINES*

By R. Schiits

The very fact that .no simple and yet reliable test
method 1s avallable renders the measurement of the knock

characteristics of Otto engines or of fuels exiremely dif~
ficult,

The bouncing-pin indicetors commercially avallable at
preeent (fig. 1) utillisze the pressure in the combustion
chamber to deflect a bullt~in membrane and at the same
time force & loose pin on the membrane into motion. The
speed at which the pln rises oquals the speed of the con-
tact point of the membrane so long as 1t is not retarded.
At the instant of decrensing mombrane.speed, 1l.e., the-
moment. at which thas rate of pressure rise in the combustion
chanber reaches a maxlimun, the pin is released: and contin-
ues of 1ts own accord. On reaching a certaln height a
swltch closes an electrlc circuit, and opens 1t agaln as
soon as the pin drops., The tinme interval c¢f the current
flow 18 recorded by thermotransfornmer.

According to the foregoing. i.e., the ideal case, 1t
.18 dependent upon:

1) The speed at which the pin-has left the menbrene,
i1.8., in the ldeal case, on the maximum rate of

. pressure rise in the cylinder (—2)
. maz

2) The amount of membrane curvature at the inatant of
separation of pin and membrana, i.0., in the
ideal case, on the terminal ‘combustion pressure.

*nber die Messung der Klopffestigkeit an Ottomotoren.”
A.T.z._. '70‘10 _42. .D.O. 13. Jul.v 10. 1939. pP. 364-3700
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In reality there are many o6ther seffects besldes those
cited here. To begin with, the pin itself must drop dback
again on the membrane. This renewed contact engenders a
shock, 1.e., the pin makes a sudden Jump and, under cer-
tain condltions, closes the circuit again. . Thls new time
interval itself 1s dependent upon

3) The rate of contact between pin and membrane which,
the power stroke having started, consists of
the speed of the pln less the veloclty of the
nenbrane. But the latter 1s now dependent upon
the rate of pressure drop, ie., the expansion.

The performence usually repeats 1ltself several times
untlil at last the Jumps become so small as a result of
friction end incpact loss that the contacts no longer touch,
although there 1s no complete rest before the start of the
new. cycls.

Aside from these taree factors, which in any case
st1ll have somethlng to do with the combustion process,
.there are yet several other effects as definlte sources of
errors.. Flgure 2 1llustretes the tlme rate of change o0f
tontact between. pin and membrane for three cycles. First,
1t 1s apparent.that the pln often leaves the menbrane dur-
ing o cycle and that the nunber of Jumps differs substan-
tirlly for different cycles. For 1instance, thoy amournted
to 15 and 56 Jumps for two successive cycles with respect
to time, whereas the test sngire operated under perfectly
steady conditions. Another surprising fect 1s the marked
scattering of the dlagram pdints.which 1s indicative of a
renewed contact followed by shock process.. Slnce the pre-
sented tenslon drop 1n the contect polnt depends upon the
closeness of contact 1t is-antieclpated that the dlagranm
polinte for renewed contact fall on a curve of uniform varl-
ation. The profound disturbance, chlefly at the right be-
low, is due to the natural oscillation of the memdbrane.
Since the relative speed between pin and membrane is of
decipgive lmportance at 1lmpact, 1t cannot be immatorial
whether contact ie mado Just when the membrane swings
downward’' &nd the next time upward. A simpls approximetion
glves for the thus incurred error an order of magnitude
of 140 percent relative to. the initial speed of .the pin,
The error can also occur with the very first Jumplng mo-
tion because the naturai oscllletion of the memdbrane usu-
ally does not-die out complately. or is already excited
again at start of comdbustlon.
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o Figure 3 illustrates thé -bounclng-pin motions for
.8ix -cyoles at alightly knocking.operation. .'Quite surpris=-
ing are the great differences-at thé highest Jumps, for
exanple, cycle IV and VI. The cause lies in the natural
oscillation of the membrane and in the differences 1n the
combustion process for thé individual working oyoles, as
explained briefly later on. Note also the baffling scat-
ter in the second ‘and third Jumps, for example, oycle 1II
and VI, due solely to the natural oscillation of the nenm-
bhrane.-

As a further source of error, mention is made of the
shock process betweon the two test contacts; 1t produces
an osclllation of the upper contact spring and copseguent-
ly, undesired 1nterruptions in - the current flow. JFigure
4 shows the touching 1ntervals of the test contacts for a
cycle at moderately knockling combustion. It is plailnly
seen that the pin Jumped four times, lasting up to closing
of contact. The four separate touchlng periods become
ghorter with time and have approximately the expected as-—
pect. Howeveor, even thls exceptlonally plaln dlagram re-
veals the effect of thas natural vibratlons of the constant
springs, since the flow of current in the individual touch-
ing periods is several times interrupted following the de~-
flection of the uppoer contact. Flgure 5 repeats the same
process for a more severs knockling combustion. In this in-
stance the defective effect of the natural osclllations of
membrane and contact springs l1ls so profound as to obliter-
ate every trace of uniformity. In common measurements with
modern bounclng—pin indicators, this picture represents
about a normal case, while the forogoing constitutes a rare,
noteworthy exception. On comparling ths two plctures, 1t
becomes evlident that the bouncing-pin indilcator often re-
cords the less Bevore knock for the more easlly knocklng
fuel.

Lastly, there 1s the danger of burned contacts, which
naturally lacreases with the numder :of current interrup-
tions, JFlgure 6 shows one of the. previously carefully
ground contacts after 3-1/2 hours of operation. Obviously
such rapld changes in contact characterlstics 1s not per-
missible in a testing device.

Following the discussion of these three potential
sources of prror, we call attention to various results
which make the bouncing-pin 1lndicator appear fundamentally
unsultable for recordling knock phenomehna.
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figure 7, the pressure-path diagrams for two
successive cycles are presented. This graph
also shows clcearly that a certaln scatter of
the test data 18 to be sxpected, because the
individual combustlon processes are dissimilar,
Both cases show that, before 1lncipient knock,
whlech lies at around B, a maximum of the rate
of pressure rise had alreedy been exceeded at
around B, 1l.8., the bouncing pin has left the
mombrane at A before the knocking combustion
had even begun. For such, not at all seldonm
cases, the tgast result hes therefore nothing to
da with knocking.

to the present time it has never been definite-
ly established that the maximum rate of pres-
sure rise in the engine is an absolute criterion
for the severity of the knock., A4ccording to
figure 8, which, together with the following
text, has bhesn taken from Ricardol's M"High-Speed
Internal Combustion Engines," Just the opposite
appears to be.correct, This 1s also confirmed
by figure 9, where the velues for the maximun
rate of pressure rise 1s shown for two fuel
blends of about 12 octane number.difference.

The length of each vertical dash gives the value

d
for the maximum EE for a certeln cycle, as re-
a

corded with plezvelectric 1ndicator and differ-
entiation instrument. If the maximum

EE were an unobJectionable criterion for the
da .

severlty of the knock, the dashes for the fuel
on the left would heve to be definltely longer
than for the fuel at the right.

at the terminal pressure of combustion is not
definitely determined by the severlty of the
knock 1s general knowledge.

thing was found to' support the assunption that
rate of pressure drop in the power stroke (ex-
pansion) depends upon the severity of the knock;
moreover, there aro hardly any reasons for 1t.

The chapter "Bouncing=Pin Indicators!" is closed with
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the brief notation. that the test.data were obtalned for

l) The mazimum rata of pféssure rise (
max
2) The terminal preseurs of combustion (Pmax)'

3) The rate- of presaure drop (expansion oycle)

. Inusnuch as none of these- three factors 1is definitely
sesoclated with the khock procoss, 1t 1s difficult to see
how the total result could reproduce the knock intensity
correctly. -

Quite apart from that,. the bouncing-pin 1ndioator
readlngs are adversely affected by the '

1) Natural oscilllations of the membrane,-

2) Netural oscillation of the contact springs,
3) Burned spots on the contaet points, ’
4) Unusual combustion aspect,

which confiras more than ever the unsultabllity of the
bouncing-pin indicator as dependable recording instrument.

Bofore proceeding to tho findings and test methods
which night be sultable as substitutes for the bouncing
pin, a brlef account of the combustion and knocking in the
spark-lgnition engline 18 glven.

The compressed charge is ignited dy the spark plug
at a point, a flame front comes. into being which advances
somewhat llke a ball 1n overy direction. The rate of ad-
vance of thls flame front dlffers for different fuels and
for 4l fferent excess alr factors within certain limlts and
usually - but not always - Iincreases definltely with the
pressure and temperature, The burning portions of the
charge lnduce a pressurc and temperature rise of the part
of the charge not yet reached by the flame front, until
under the clrcumstances, ths conditions of auntolgnitlon
are givens ' If. these condltlions eccur,-the -knocking combus~
tion begine, 1l.e., the still non-bhurning portion of the
charge rapldly develops numerous new ignlting spots from
which in turn ball-like flame fronts emanate. Then the
rise in the rate of advance of the flame front is actually
* more apparent than real -because of the appearance of the
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many new lgrnltion spots. . Visualizing ~ what perhaps comes
close to0o the truth -~ thnt at inciplent knock, l.e., on
reaching the conditlons of autolgnltion, within a very
short tlme one new ignition spot appeare right next to the
other, then the new flame fronts heve tdbo travel no distance.
The result 1s an apparenily infinitely high flame speed

and the 1inciplont knock becomes at the same time the end

of the combustion; followed hy an instantaneous release of
the total énergy of the pert of the charge not yet reached
by the original flame front at inciplent knocking. This
froe energy creates a siudden local pressure peak which
equalizes 1tself as pressure wave. The pressure wave in
turn speeds through the comdbustlon chamber at sonlec - hence
finite = velocity. The starting point of the pressure

wave or "knbeck osclllatlions™ 1s the center of gravity of
the energy - or in homogeneous mlxture the spatial center
of gravity - of the part of the charge not yet reached by
the original flame front at inciplent kaock. The knock
intensity 18 above all governed by the part of the charge
that must dburn so as to create the auto-ignition conditions
for the residuary chargs. If theae viewpolnts are correct,
the knock characterlistics can be dotcrmined in the follow~
ing manner:

1) By detormination of the oscillation amplitude of
. the knock frequency, because, the greater the
portion of the charge which burns only after
tho conditions of autolignition have been reached,
the stronger the developed pressure wave and the
.hilghor the osclllatlon anplitude of the kneck
fraquency.

2) By determination of the time intervel by which two
quartz plck-ups indicate the start of the knock
frequency differently. Assuming uniform sonic
velceclty throughout the whole condbustion -chambder
the simultanevus use of several -quartz chambers
affords the local posltion of the kneck center
and hence the amount of the chergs portion that
burns after appearnnce of the autoignition con~
ditions and defines the knock intomnsity.

3) By determining the combtustion time. Assuming the
end of the conbustion to colncide with the in-
ciplent knock, ons can deflnltely ascertain
whether .a cylinder knocks or not. A4s 1an the
part of the charge with knocking conmbustlion, an
apparently infinite flame speed is reached, the
conbustion time changes rapidly,
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Bote 1, Determination. of dsclllatlion anmplitude.-
Figure 10 illustrates the frequency distribution in a

pressure chart, for different knock intensities. As the
knock inorcaeee. the. values for some frequency zones rise
materially (for. inetance. Fo. 3: 50-6435. ¥o., 6: 80-100 Hs),
while for others it 1s much less (No. 4: 64~80Hz, No. 6:
100-125H2%, No. 8% 160-200H:). One partiocularly noteworthy
feature 1s the rise of the values. for the frequency zone
No. 22: 4000-5000Ez, whils the inoreasing kmock strength

to0 frequencies of - 800=3200Hg has no effect whatsoever.
Hence the suggestlion that the knock frequency falls into
.zone No. 22 or one near to it. Unfortunately the experi-
mental lay-out dld not suffice for still higher frequen-
cles, 80 that. the chart stops &t the most interesting part.
Figure 11 shows the values for some frequency groups plot-
ted against the fuel level in the carburetor of the I1I.G.
test engine, l.e., agalnst the excess alr factor. The
frequency zone No. 23 comprises all those above 4000HZE.

. On comparlson with the maan temperature curve, which is’

also shown, 1t can be seen that the velues for the frequen-
¢y zone .No. 23 reproduce the knock strength soonest. This
means that the kncck frequency for the employed test englne
at 600 rpm lias above 4000Hz.- Exactly determined, 1t was
6500Hz. The knock is, in fect, quite accurately reproduced
by 1ts oscillatlon amplitude, but unfortunately thils method
ls not slmple enough to warﬂ;nt ite use for general operat-
ing measuroments, because the knock oscillation fluctuates
in _its freguency and oecillaf'bn amplitude for different
fuols and knock Intensitieg. In conseguence, it 18 Aiffi-
.cult "to Torm exact uf‘TEEG“V’Ihes and at the samo time to
assure sufflcient measuring accuracy.ii simple fashion.

Xote 2. Determination of inciplent knock oscillation.~-
Figuro 12 shows the cylinder head of an I.G. test engine

wlth two quartz plck-ups and spark plug. Each querts
chamber operates across an amplifier and a filter, which
cuts off all frequencles below 4000Hz, on a beam of a twin-
beam lamp, 8o that -the knock oscillation is recorded by
cach chamber. The two osclllatlons are timed different,

as figure 13 shows, whon the knock center, that is, the
starting polnt of tha pressure‘'wave is not equally-dlstant
from the two quartz chambers. 1In thls way, 1t 1s possible
to determine the lochtlidn of the knock center, if the
helight of the combustion chember is neglected. If the dis-
tance of the starting point of. the preesure wave from.the
botton of the piliston iteelf is desired, theh a third quarts
ckanber becomes necessary. In thls manner, 1t 1s possidble
to study-the effect of overheated spotes 13 the wealls of
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tho eombustion chamber. For fuel researchk, thle method
offers notable prospects.

The recorded time differences cbtalned for different
fuels under otherwlse 1dentlcal operating conditions af~
ford a satisfactory survey, as figure 14 lndicates. The
scattering of the individual test points in this plcture
was to ve sxpoected, since each test polnt was determined
from a single operating cycle. So, instead of average
values, these are individuamal meassurements which must scat-
ter, for the very reason that the combustion processes for
the individuanl operating cycles arcec di1fferent, as already
indiceted. . By fornlng an average over a groeater number of
cycles, wvlth some kind of a test set-~up os, for lnstaence,
is 4indiceted in. flgure 17, fairly prectical results can be
obtuzlned. : :

The recording cf tho 1lneiplent knock oscillatlon, say
in degrees of crank setting, with only one quartz chamber,
gives rough reference values for the knock intensity, but
restricts the accuracy cseverely, because the time which
the pressure wave consumes to spread from the knock center
to the guartz chanber enters &s a meesurlng srror.

Note 3. Determination of combustlion time.- Figure 15
shows a cylinder heaé of the I1.G. test engine with two
lonigation gaps, spark plug, and a quartz chamber, which,
however, served merely for check tests. From the point of
view of greatest accuracy as well.as posslbility of pre-
dicting combustion perloés in normal, i.e., non~knocking,
operation, the lonizatlon gap I should be located as close
as possible to the spark plug, and gap II as far away from
1t as poesible. The determination of the instability of
the combuetion periods due to knocking combustion 1s con=-
tingent upon the orlginal flame front still being between
the two lonizatlon gaps while the autolgnlition conditions
ars reached. Figure 16 shows the time rate of the voltage
drop caused by the ionization gaps during a cycle. Since
the lonization gapse are responsive to the high combustion
temperatures, the voltage drop becomes suddenly very small
when reached by the flcme.

Flgure 17 lllustrates a test clrcuit for determinirg
the combustion posriods. The ebrupt voltage change pro-—-
duced when the fleme reaches lohigzatlon gap I -~ 1.e., at
inciplont combustion - ignites a grid controlled glow tube
A prevliously cut off by & negative grid bdias. The con~-
stant B current, not affected by changes in grid voltage,
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heats resistance 1. Then -glow tube B is ignited Dy lon=
igation gap II, thus heating resistance 2.. Then bdoth cir-
cults are simultaneously opened by switch. § which 1a ac~
tuated from the crankshaft. Since both circuits are tuned
for equal current flows, the temperature difference between
rosistances 1 and 3 1s an indlcation of the time by which
ionization gap II legs behind gap I. But that is the very
time lapse of the flamoe for passing from lonization gap I
to II. The temperature. A1fference between the reeistances
l and 2 is recqrded by thermocouple with the hot Junction
at a and the cold Junction at b. Thus the deflectlon of
the millivoltmeter is proportional to the -combustion time,
i1t records average values. Figure 18 gives the resulits for
various fuels. One important fact brought qut 1s the sudden
change in combustion time at a certain compression ratlo of
all fuele, or in other words, that in this manner 1t 1s pos-
sible to ascertaln the compression ratio of any fuel at
vhich autolgnition conditlons are recched and beginning at
which part of the charge is burned with knocking. .

Tor oan appralsal, 1t certelnly 1s importent to know
the compresslon ratlo at which the bond in the curve
occurs. It indicates the sllowable helght of compression
before the knock 1imit 1s reached. Then the angle formed
by the two branches in the bend 1tself appears to be of
importance. It 18 to be expected that 1t supplles impor-
tant reference points for the knock tendency of the fusel.
This question 18 now being investigated by the Institute
for Automotive Engireering of the Dresden T.S., whose
findings are to be published in the very near future.

Flgure 19 1llustrates the resulte for a benzine, a
benzol, and a bengine-benzol mixture. It is plaln that
the loc~tion of the bend as well as the afore-mentlioned
angle changes. In fundamentally the same manner, 1t 1s
posslible, of course, to predlct the effect of spark advance
on the knock, as is indicated in figure 20.

The lay-out,(fig. 21) was used to determine the scat-
ter of 1inclplent combustion and of ignition toward the top
center. In these tests the glow tube was tripped by the
spark-plug voltage or the ionization gap right next to the
spark plug, whlle the switoch § was always opened at the
same crank setting. The tests revealed that the mean val-
uss for incilplent ignition and 1nciplent comdbustion have
no measurable differences.

In consequence, it seems loglical to define the com-~



10 - R.A.C.A. Tochnical Memorandum.Ro. 936

bustion time by the determinetion of the comdbustlion end
only, because the inciplent combustlon i1tself doos not
measurably change.-

Figure 22 Indicates the fundamental .course of the
test data -obtalned wlth thilis equlipment. Theydiffer from
those shown before only by a deducted constant and the
fact that the combustion time was rdcorded - at constant
speed 1n degree crank settling - clockwlse and again anti-
clockwise.

The principal advantages of the last-described tost
equipnment acerue from 1ts single lonization gap, 1.e., 1%
roqulres only one hole in the cylinder head, and 1ts sim=-
plicity. )

The advantage of the test mothod 1tself conslsts in
making 1t possible to ascertaln whether -an engine or a
certeln cylinder of an englne knocke or not, and that the
thus~-obtaincd knock=limlt values are substantially more
accurate and Cependable than those obtailned by other meth-
ods, The predlctlon of the charge portlion which durns
knocklng and defines the knock intensity, 1s very easily
possible, if the combustion time is measured for differ-
ent compresslon ratios or 1gnition advances.

franslation by J. Vanler,
Natlonal Advisory Committee
for Aeronautics.
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Figs.2,6,7,9,12,15

Figure 9,- Maximum rate of pressure
rise for different fuels.

Figure 6.~ Contact with burnt 8pois.,
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